The shape of the bony tibial ACL insertion was 'duck-foot-like'. In contrast to previous findings, the functional mid-substance fibres arose from the most posterior part of the 'duck-foot' in a flat and 'c-shaped' way. The most anterior part of the tibial ACL insertion was bordered by a bony anterior ridge and the most medial by the medial tibial spine. No posterolateral fibres nor ACL bundles have been found histologically. This histological investigation may improve our understanding of the tibial ACL insertion and may provide important information for anatomical ACL reconstruction.
Introduction
Anterior cruciate ligament (ACL) rupture is one of the most frequent knee-related injuries and usually requires an ACL reconstruction, especially in young and active patients. The surgical aim is to mimic the native ACL anatomy as close as possible. Therefore, a detailed knowledge of its anatomical morphology is of primary demand.
There have been many anatomical studies about the tibial ACL insertion. Most of them described the tibial ACL insertion as oval with two different bundles, the anteromedial (AM) and posterolateral (PL) one. The insertion of the AM bundle is located in the AM aspect with direct relation to the medial tibial spine, and the insertion of the PL bundle was reported to be in the PL aspect of the tibial ACL footprint close to the lateral tibial spine in front of the posterior root of the lateral meniscus [5, 12, 23] .
Abstract
Purpose This study was performed to investigate the morphology of the tibial anterior cruciate ligament (ACL) by histological assessment. Methods The native (undissected) tibial ACL insertion of six fresh-frozen cadaveric knees was cut into four sagittal sections parallel to the long axis of the medial tibial spine. For histological evaluation, the slices were stained with haematoxylin and eosin, Safranin O and Russell-Movat pentachrome. All slices were digitalized and analysed at a magnification of 20×. Results The anterior tibial ACL insertion was bordered by a bony anterior ridge. The most medial ACL fibres inserted from the medial tibial spine and were adjacent to the articular cartilage of the medial tibial plateau. Parts of the bony insertions of the anterior and posterior horns of the lateral meniscus were in close contact with the lateral part of the tibial ACL insertion. A small fat pad was located just posterior to the functional ACL fibres. The anterior-posterior length of the medial ACL insertion was an average of 10.8 ± 1.1 mm compared with the lateral, which was only 6.2 ± 1.1 mm (p < 0.001). There were no central or posterolateral inserting ACL fibres.
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Recently, a new concept of tibial insertion has been reported by Smigielski et al. and Siebold et al. [24, 25] . In their studies, the mid-substance of the ACL was described as 'flat' or 'ribbon-like' and the tibial insertion as 'c-shaped' or 'duck-foot-like'. They declared the ACL fibres arising from the AM and posteromedial (PM) aspect of the area intercondylaris anterior and not from AM and PL. Moreover, Tensho et al. reported of an 'L-shaped ridge, which was located in the boundary of the ACL tibial footprint' [27] . However, there is always room for argument how to accomplish the macroscopic dissection in anatomical studies. Histological assessment is more precise and can describe the bony insertion more clearly with minimum dissection [13] .
The purpose of this study was to describe the morphology of the tibial ACL insertion by histological assessment. The hypothesis was that the tibial functional ACL insertion may be flat and 'c-shape', with a posterior fat pat, close relationship to the lateral meniscus and without any posterolateral inserting fibres. A more accurate description of the tibial ACL insertion with adjacent structures may help to improve the way of anatomical ACL reconstruction.
Materials and methods
Six fresh-frozen cadaveric knees (three paired knees, four males and two females) with an average age of 68 years (range 56-72) were examined in the study. All knees were without macroscopic degenerative changes and with intact ligaments. All muscles and capsule around the knees were carefully resected. The posterior cruciate ligament (PCL), patellar tendon and collateral ligaments were removed. The proximal tibia was cut 1 cm below the articular surface with a bone saw. The medial and lateral menisci were removed except the anterior and posterior root attachment. The medial and lateral tibial plateaus were cut with a bone saw, and the bony margins were kept 1 cm away from the bilateral tibial spines. Then, the femoral intercondylar portion was cut at the top of the intercondylar notch to remove the medial condyle. The lateral femoral condyle was cut 1 cm anterior from Blumensaat's line and 1 cm lateral from the lateral intercondylar wall to preserve the femoral attachment of the ACL. The root of the menisci and the soft tissues around the ACL were also carefully preserved in nature to assess the relationship to the ACL during every step.
After gross dissection, the femur-ACL-tibia complex was fixed in 4 % formaldehyde solution at 0° of knee flexion with the ACL fibres naturally tensed. Delipidation in propanol, decalcification in New Decalc ® solution (Medite GmbH, Burgdorf, Germany) for 6 weeks and dehydration in graded propanol were performed. The ACL was cut at mid-substance, and the femur-ACL-tibia complex was divided. For histological observation and measurement of the sagittal plane section of the ACL insertion to the tibia, the ACL-tibia complex was cut with histological sharp knife (Feather Safety Razor Co, Osaka, Japan) into four blocks of even thickness along the sagittal plane parallel to the axis of the medial tibial spine. Each block was named as T1, T2, T3 and T4 from medial to lateral ( Fig. 1) : T1 was from the top of medial tibial spine to a quarter of the overall width between medial tibial spine and lateral tibial spine, T2 from a quarter to mid-line, T3 from mid-line to three quarters and T4 from three quarters to the top of lateral tibial spine. The paraffinized blocks were cut into 8-μm slices from the medial aspect of the blocks. The slices were stained with haematoxylin and eosin (H&E), Safranin O and Russell-Movat pentachrome.
Analysis
All slices were scanned and digitalized by NanoZoomer-XR (Hamamatsu Photonics K.K. Hamamatsu, Japan) and analysed in Aperio ePathology (Leica Biosystems Imaging Inc, CA) at a magnification of 20× to identify the attachment area including the insertion of dense collagen fibres, aligned chondroid cells and surrounding rough fibrous tissue. For quantification of the insertion, the distance between the most anterior fibre of the anterior ridge and the most posterior fibre and thickness of In contrast to this figure, the surrounding soft tissue was completely preserved in this study. The ACL-tibia complex was cut into four blocks (T1-T4) of even thickness along the sagittal plane parallel to the axis of the medial tibial spine. The slices were obtained from the medial side of each block the ACL was measured digitally (Osirix 6.5.2 64-bit, Pixmeo SARL, Bernex, Switzerland). The measurements were taken from the anterior edge to the posterior eminence of the tibial ACL insertion. The thickness of the ligamentous fibres 5 mm above the bony tibial ACL insertion and the thickness of the posterior fat pad were measured in T3 and T4 (Fig. 1 ). All investigations were performed by three orthopaedic surgeons and an anatomist. The study was in concordance with the IRB of the local university.
Statistical analysis
All values were approximately normally distributed and therefore expressed as mean ± SD. The difference of the length of the ACL tibial insertion in the sagittal plane were statistically analysed using analysis of variance (ANOVA), followed by post hoc testing with a Tukey procedure. A probability value <0.05 was considered significant.
Results

Histological evaluation of tibial ACL insertion
The shape of the bony tibial ACL insertion was 'duckfoot-like'. In contrast to previous findings, the functional mid-substance fibres arose from the most posterior part of the 'duck-foot' in a flat and 'c-shaped' way. The thickness of this intraligamentous functional part of the ACL was 3.4 ± 0.5 and 2.7 ± 0.7 mm in the mid-line section and three-quarters section (Fig. 2a, b ).
In the sagittal plane histology, the bony tibial ACL insertion was defined by a layered cartilaginous insertion, socalled direct insertion, which represents the transition from ligamentous tissue, non-calcified fibrous cartilage, calcified fibrous cartilage and bone (Fig. 3e) . The most anterior part of the tibial ACL insertion was bordered by a bony anterior ridge [2] (Figs. 2a, b, 3a-d) . The medial border of the ACL insertion was along the peak of the anterior part of the medial tibial spine in which the direct insertion was adjacent to the articular cartilage of the medial tibial plateau (Figs. 2a, b, 3a) . The insertion of the tibial ACL insertion, the border between calcified fibrocartilage and the bone, was of concave shape in the sagittal plane. The thickness of the layered direct insertion gradually became thinner from medial to lateral.
In the lateral half of the tibial ACL insertion, the distance between the posterior part of the tibial ACL insertion and the posterior eminence got larger. This gap was filled with synovia, fat tissue ('fat pad'), vessels and fibrous tissue. The nutrition canals arising from the bone were just posterior to the tibial ACL insertion in the central plane. A small 'fat pad' was located just posterior to the most posterior functional ACL fibres (Fig. 3c, d ). The thickness of this fat pad was 2.4 ± 1.1 (range 1.0-3.7) and 3.5 ± 1.2 (range 1.6-4.3) mm in T3 and T4.
Parts of the bony insertions of the anterior and posterior horn of the lateral meniscus were in close contact with the lateral ACL insertion. The anterolateral part of the tibial ACL fibres and its insertion was adjacent to, but could be distinguished from the fibres of the anterior horn of the lateral meniscus by the different direction of the fibrous tissues. The tibial ACL insertion was just anterior to the (Fig. 3f) . No posterolateral fibres nor ACL bundles have been found histologically.
The results of the quantitative analysis of the ACL insertion and bony landmarks showed a significant difference of the anterior-posterior length between T1 and T4 (p < 0.001) ( Table 1) . T1, ×4) . b The medial one-quarter slice the anterior border also started from the anterior ridge and the posterior edge of insertion ends in small eminence. The bony surface of insertion was of concave shape. The trabeculae were concentrated in the area of the direct insertion (Block T2, ×4). c The middle slice the insertion area had a thinner cartilaginous zone. Posterior to the insertion, there were synovial tissue, a fat tissue (star) and the nutrient canals from the bone (arrow head). The fat tissue attached along the posterior aspect of the ACL (Block T3, ×4). d The lateral one-quarter slice the insertion area was smaller than the other slices. There were also more nutrient canals (arrow head) (Block T3, ×4). e The higher magnification in the most medial slice the 'direct insertion' was well observed. Ligamentous tissue and fibrocartilage were stained yellow and blue. Chondrocytes were well aligned, and there was tidemark between calcified and uncalcified fibrocartilage (Block T1, ×10). f The higher magnification in another lateral slides a different direction of lateral meniscal fibres was observed posterior to the ACL insertion (Block T4′, ×10)
Discussion
The most important finding of the present study was that the functional mid-substance of the tibial ACL was arising from the most posterior part of its tibial bony 'duck-footlike' insertion in a flat and 'c-shaped' way. The anterior border of this 'c' started from a bony 'anterior ridge' and the medial border was along with the medial tibial spine. The anteroposterior length of the medial tibial ACL insertion was longer than the lateral one, indicating the presence of posteromedial (PM) fibres. There were no PL fibres in the area intercondylaris anterior, but only synovial and fat tissue, vessels and nutrition channels.
The results of the current histological measurements have been smaller than those of previous macroscopic studies disregarding the direction of the measurement [5-7, 10, 17, 19, 23, 26] . In these macroscopic studies, the AP tibial insertion lengths were ranged 14-30 mm, while the longest insertion in our study was 10.2 mm in the most medial slice.
However, the current histological assessment may be more accurate for some reasons. First, no dissections were made around the ACL. In contrast, macroscopic dissections have the risk of destroying the natural structures. Second, the tibial ACL insertion was concave, and there was a cartilaginous zone, especially in the medial part, so only a histological dissection can detect a 'direct insertion' and measure directly at the level of the bony surface. The Russell-Movat pentachrome stain was advantageous to the H-E staining in evaluating the layered structures in detail [20] . Third, the anterolateral fibres of the tibial ACL insertion had an intimate relationship with the fibres of the anterior horn of the lateral meniscus [16, 24] . In the histological assessment, though the insertion of the ACL and the anterior lateral meniscus were quite similar in terms of their histological structure, anterior crossing of the ACL over the root of the lateral meniscus has been distinguished due to the different direction of the histological fibres (Fig. 3f) .
Recently, Smigielski and Siebold macroscopically described the 'c-shaped-like' functional ACL insertion as the 'direct' one and the complete 'duck-foot-like' ACL insertion as the 'indirect' one [24, 25] . However, histologically the 'c-shaped' footprint might be the cross section of the mid-substance ligament just above the true direct insertion and the 'duck-foot-like' footprint might be the same as the histological direct insertion.
Smigielski and Siebold [24, 25] described the shape of the ACL mid-substance as 'flat' or 'ribbon-like' and the width of the mid-substance to be an average of only 3.5 mm. The current histological study reconfirmed above measurements. The thickness of the ligamentous fibres was 3.4 ± 0.5 and 2.7 ± 0.7 mm in the mid-line section and three-quarters section.
The anterior margin of the tibial ACL insertion rose from an anterior ridge in all the histological slides. This bony anterior ridge has classically perceived as 'Parsons' knob' [2] . Posterior to the anterior ridge, the bony surface Table 1 Morphometric measurements of anterior-posterior length of the ACL, distance from anterior ridge to posterior eminence of the ACL and thickness of ACL ligamentous mid-substance at tibial insertion displayed as mean ± standard deviation (SD), range (min-max) * Significant difference of the anterior-posterior length between T1 and T4 (p < 0.001)
T1
T2 T3 T4
Anterior-posterior length (mm) 10.8 ± 1.1 (9.2-12.1) 9.9 ± 2.5 (7.2-13.7) 7.6 ± 1. Thickness of ACL ligamentous mid-substance (mm) 3.4 ± 0.5 (2.9-4.2) 2.9 ± 0.7 (1.8-3.6) Fig. 4 Anterior-posterior length of the tibial ACL insertion and the distance between the anterior ridge (AR) and posterior eminence (PE). The gaps from the posterior edge of the ACL insertion to the top of the eminence got larger towards the lateral border of the tibial ACL insertion. Asterisk the length of the insertion in the lateral onequarter slice (T4) was significantly shorter than in the most medial slice (T1) (p < 0.05) of the ACL insertion was of concave shape. The trabeculae were concentrated in the area of the direct insertion. The medial border of the tibial ACL insertion was along with a peak of the anterior part of the medial tibial spine in which the direct insertion was thick adjacent to articular cartilage. The anterior ridge and the medial tibial spine as an anterior and medial margin may be good landmarks for the tibial ACL insertion. In contrast, the posterior eminence was far from the tibial ACL insertion, especially in the lateral part. The AP length of the tibial ACL insertion, which got shorter to lateral, suggested the 'duck-foot-like'-shaped insertion (Fig. 4) . Tensho et al. [27] reported the relationship between the tibial bony landmarks and the ACL fibres using computed tomography (CT) and histological samples. They demonstrated the anterior ridge and the medial intercondylar eminence (same as medial tibial spine in the current study) as anterior and medial boundary of the ACL insertion and expressed these bony landmarks as 'L-shaped ridge'. In the current histological study, there were no fibres in close medial relationship to the lateral tibial spine, which has been recognized to be the area of the PL insertion. This finding is in concordance with recent macroscopic findings [24, 25] , but in contrast to previous anatomical studies describing a PL insertion and double-bundle structure of the ACL [1, 4, 5, 9, 18, 21, 22, 28] . How to reconcile? First, the relationship between the root of the anterior horn of the lateral meniscus, fat tissue, ACL and surrounding soft tissue was not investigated in such detail before. No histological studies concerning the tibial ACL insertion in fresh-frozen specimen were performed to our knowledge. The age of the cadavers may play a certain role; however, nearly all published anatomical studies were performed in old cadavers. An exception is the anatomical study by Ferretti et al. [8] , which was performed in foetus. They did not specifically investigate the tibial ACL insertion in such details. It is therefore speculative, if younger cadavers may show a different ACL anatomy. An important difference to previous investigations was the use of fresh-frozen cadavers in this study, which made it much easier, to differentiate the different types of tissue around the ACL. The strength of this histological study is that it was performed without any dissections of any tissue around the ACL. Everything was kept 'en bloc' and was cut without manipulation for histological investigation.
The gaps between the posterior border of the ACL insertion and the posterior eminence became wider to the lateral side, and there were synovial and fat tissue and vessels (Figs. 3c, d, 4) . The thickness of the posterior fat pad was 2.4-3.5 mm. Hara et al. performed a histological evaluation of the tibial attachment in the axial plane. They showed histologically that there was no fibrous insertion but fat tissue and a vascular bundle in the centre of the posterior portion of the tibial ACL attachment [11] .
The relationship between the tibial ACL insertion and the anterior horn of the lateral meniscus was histologically reconfirmed. The lateral part of the ACL insertion was just anterior to the insertion of the anterior horn of the lateral meniscus, and the ACL fibres were in contact with the anterior horn of the lateral meniscus. The same relationship was reported in previous studies [3, 14-16, 24, 25] .
There are some limitations to the current study. The number of specimen was small due to the limited access to cadaveric knees. Therefore, the a priori limited sample size may not have been sufficient to detect significant differences in all the outcomes of interest. However, the low number is comparable to many anatomical and histological studies published in the literature and the purpose to assess the histological anatomy and not to assess anatomical variations. The age of the specimen was high, though there was not more than initial osteoarthritis in the specimen. According to the literature, most anatomical and histological investigations have been performed in older specimen. Maybe younger cadavers might show a different anatomy; however, this is speculative and has to be shown first. The histological assessment of the insertion site was only performed in the sagittal plane. Future studies should also look at the coronal and axial planes.
The histological findings of this study may improve our understanding and way of anatomical ACL reconstruction. The anterior ridge and the medial tibial spine may be both used as bony landmarks for bone tunnel placement together with the anterior root of the lateral meniscus. In singlebundle ACL reconstruction, the tibial bone tunnel may be placed in the apex of the 'c-shaped" functional insertion site at the corner of the anterior ridge and the medial tibial spine. In double-bundle ACL reconstruction, the tibial posterolateral (PL) bone tunnel may be changed to a posteromedial (PM) position to consider reconstruction the posteromedial part of the insertion along the medial tibial spine.
Conclusions
The shape of the bony tibial ACL insertion was 'duck-footlike'. In contrast to previous findings, the functional midsubstance fibres arose from the most posterior part of the 'duck-foot' in a flat and 'c-shaped' way. The most anterior part of the tibial ACL insertion was bordered by a bony anterior ridge and the most medial by the medial tibial spine. No posterolateral fibres nor ACL bundles have been found histologically. This histological investigation may improve our understanding of the tibial ACL insertion and may provide important information for anatomical ACL reconstruction.
